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Abstract: We examine various scenarios in which the Standard Model is extended by a
exp
SM
light leptoquark state to solve for one or both B-physics anomalies, viz. RD
(∗) > RD (∗)
exp
SM
or/and RK
(∗) < RK (∗) . To do so we combine the constraints arising both from the lowenergy observables and from direct searches at the LHC. We find that none of the scalar
leptoquarks of mass mLQ ' 1 TeV can alone accommodate the above mentioned anomalies.
The only single leptoquark scenario which can provide a viable solution for mLQ ' 1÷2 TeV
is a vector leptoquark, known as U1 , which we re-examine in its minimal form (letting only
left-handed couplings to have non-zero values). We find that the limits deduced from
direct searches are complementary to the low-energy physics constraints. In particular, we
∓
find a rather stable lower bound on the lepton flavor violating b → s`±
1 `2 modes, such as
B(B → Kµτ ). Improving the experimental upper bound on B(B → Kµτ ) by two orders
of magnitude could compromise the viability of the minimal U1 model as well.
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1

Introduction

Over the past several years we witnessed a growing interest in theoretical studies of the origin of lepton flavor universality violation (LFUV), motivated by a number of experimental
hints in weak decays of B-mesons pointing towards LFUV. The first such indication was
reported by BaBar in refs. [1, 2] in which they measured
RD(∗) =

B(B → D(∗) τ ν̄)
B(B → D(∗) lν̄)

,

(1.1)

l∈{e,µ}

and found an excess in B(B → D(∗) τ ν̄). Since that time, Belle and LHCb measured the
exp
same ratio [3–7] and observed a similar feature, namely that the measured RD
(∗) is larger
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3 Leptoquark models for RK (∗) and/or RD(∗)
3.1 Scalar leptoquarks
3.1.1 S3 = (3̄, 3)1/3
3.1.2 R2 = (3, 2)7/6
e2 = (3, 2)1/6
3.1.3 R
3.1.4 S1 = (3̄, 1)1/3
3.2 Vector leptoquarks
3.2.1 U1 = (3, 1)2/3
3.2.2 U3 = (3, 3)2/3

SM , the value predicted in the Standard Model (SM). The most recent HFLAV
than RD
(∗)
averages are [8]:

RD = 0.41(5) ,

RD∗ = 0.31(2) ,

(1.2)

RJ/ψ =

B(Bc → J/ψτ ν̄)
= 0.71 ± 0.25 ,
B(Bc → J/ψµν̄)

(1.3)

which again appears to be ≈ 2 σ larger than its SM value.
Another indication of the LFUV came from the weak decays mediated by a flavor
changing neutral current (FCNC), b → sl+ l− . The experimentalists of LHCb measured
[q 2 ,q 2 ]

RK1(∗)2 =

B 0 (B → K (∗) µµ)
,
B 0 (B → K (∗) ee)

(1.4)

where B 0 stands for the partial branching fraction comprising q 2 = (pl+ + pl− )2 between q12
and q22 (in units of GeV2 ). They reported [16, 17]:
[1,6]

RK ≡ RK + = 0.75 ± 0.09,

[1.1,6]

RK ∗ ≡ RK ∗0 = 0.71 ± 0.10,

[0.045,1.1]

RK ∗0

= 0.68 ± 0.10, (1.5)

which are ≈ 2.5 σ smaller than the values predicted in the SM [18, 19]. Although the
experimental confirmation of these results is still lacking and the further improvement is
needed to increase the significance of the observed deviations w.r.t. the SM, the fact that
the indications of LFUV do not concern only the tree-level decays but also those that
are in the SM generated by quantum loops, stimulated a considerable activity in the flavor
exp
exp
SM
SM
physics community. The observations that RD
(∗) > RD (∗) and RK (∗) < RK (∗) are commonly
referred to as the “B-physics anomalies”.1
Apart from the mass effects, different phase space, and moderate hadronic uncertainties, no other reason can be found in the SM to explain the above-mentioned anomalies. In
other words, in order to explain (or merely accommodate) the observed deviations w.r.t.
SM, one needs to invoke a scenario of physics beyond the SM. The simplest effective scenario is to introduce the couplings of left-handed fermions to new vector bosons. In practice
that means that the New Physics (NP) effective operators will be of the “(V −A)×(V −A)”
exp
form, which are then fit with the measured RK
(∗) ,D (∗) values to reveal that the NP scale
affecting the charged current processes is very different from the one needed to explain the
1

exp
exp
SM
SM
For shortness, we only write RD
(∗) > RD (∗) and RK (∗) < RK (∗) , but one should also keep in mind that
SM
> RJ/ψ .

exp
RJ/ψ
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SM =
which, when combined, give 3.8 σ excess with respect to (w.r.t.) the SM values, RD
SM
0.300(8) [9–11], and RD∗ = 0.257(3) [12–14]. Apart from the reduction of a significant
part of the systematic experimental errors, the advantage of considering the ratio of decay
rates lies in the fact that the Cabibbo-Kobayashi-Maskawa (CKM) factors cancel out and
in the fact that the sensitivity to hadronic uncertainties is much smaller than it is in the
case with one of the branching fractions alone B(B → D(∗) `ν̄) , ` ∈ {e, µ, τ }. Even though
a 5 σ significance of LFUV in the tree-level b → c`ν̄ decay has not yet been reached, the
experimentalists of LHCb were able to confirm the same tendency in another hadronic
environment. They measured [15]

2

Effective theory description

Effective theories provide an efficient way to describe the low-energy physics processes
in which the short-distance physics is encoded in the so called Wilson coefficients, which
2

Research on combining the low-energy constraints to building a SUSY inspired model with the results
of direct searches at the LHC has been reported in ref. [21].
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LFUV in the FCNC processes. In such a situation one needs to build a model in which one
adjusts Yukawa couplings while keeping the NP scale the same for both types of B-physics
anomalies. Another possibility is to build a model in which other Lorentz structures are
also allowed (such as the scalar and/or tensor currents). One of the most popular scenarios
in which most of these ideas can be tested are those based on the introduction of one or
more leptoquark states, the colored new bosons which couple to both quarks and leptons.
In this paper we are going to test the possibility of a single scalar or vector leptoquark (LQ)
as a mediator of NP that can accommodate one or both of the B-physics anomalies, i.e.
exp
exp
SM
SM
RK
(∗) < RK (∗) and/or RD (∗) > RD (∗) . We will go through various LQ scenarios to examine
if any of them remains plausible. In doing so we will go for a minimalistic approach, i.e.
that by extending the SM by one LQ involves the least number of new parameters, which
then permits to test the model experimentally. In that respect, the current paper is similar
to ref. [20] and could be viewed as its update. The new element is the fact that we combine
the updated constraints arising from numerous low-energy physics observables with those
deduced from the direct searches at the LHC.2 Since this kind of models can give rise to
lepton flavor violation (LFV) [22], a particular attention will be devoted to the vector LQ
model (U1 ) for which we will show that the improved experimental bounds on B(Bs → µτ )
and/or B(B → K (∗) µτ ), could validate or discard the model in its minimalistic form. Before we embark on the details of this work, we should emphasize that by a single LQ we
mean one multiplet (singlet, doublet or triplet) of mass degenerate LQ’s which carry the
same quantum numbers of the SM gauge group.
This paper is organized as follows. In section 2, we remind the reader of a low-energy
effective description of b → s`` and b → c`ν̄ transitions, and we present the 1 σ bounds on
the effective coefficients which accompany the hadronic matrix elements of dimension-six
operators relevant to a general NP scenario. In section 3, we briefly go through the list
of the single LQ solutions to the B-physics anomalies, and for each of them we compute
the effective Wilson coefficients relevant to RK (∗) and to RD(∗) , respectively. In section 4,
we discuss the bounds on the Yukawa couplings arising from the direct searches at LHC.
Besides LQ pair production, we also comment on the measurements of tails of high-pT
distributions of lepton pairs (in pp → µµ, τ τ decays) which can be modified w.r.t. the SM
by the t-channel LQ exchange. In section 5 the low-energy and high energy constraints are
combined. We will then show that the only one that can accommodate both anomalies and
survive all the constraints turns out to be the vector LQ U1 , the phenomenology of which is
analyzed in more detail in section 6, where we also show that the LFV processes b → sµτ ,
together with high-pT lepton tails at LHC, can provide complementary constraints and
can be used to validate or invalidate model in its minimalistic form. We summarize our
findings in section 7.

2.1

+
b → s`−
1 `2 and RK (∗)

Since we will be concerned with both lepton flavor conserving and LFV decay modes we
+
will describe the effective Hamiltonian for a generic b → s`−
1 `2 , with `1,2 ∈ {e, µ, τ }, which
can be written as
( 6
i
X
Xh
4GF
Heff = − √ Vtb Vts∗
Ci (µ)Oi (µ) +
Ci (µ)Oi (µ) + (Ci (µ))0 (Oi (µ))0
2
i=1
i=7,8
)

0 
0 i
X h
+
Ci`1 `2 (µ)Oi`1 `2 (µ) + Ci`1 `2 (µ)
Oi`1 `2 (µ)
+ h.c.
i=9,10,S,P

(2.1)
Ci (µ) and Ci`1 `2 (µ) are the Wilson coefficients, while the effective operators relevant to our
study are defined by
e2
(s̄γµ PL b)(`¯1 γ µ `2 ) ,
(4π)2
e2
=
(s̄γµ PL b)(`¯1 γ µ γ 5 `2 ) ,
(4π)2

e2
(s̄PR b)(`¯1 `2 ) ,
(4π)2
(2.2)
e2
`1 `2
`1 `2
5
¯
O10
OP =
(s̄PR b)(`1 γ `2 ) ,
(4π)2

in addition to the electromagnetic penguin operator, O7 = e/(4π)2 mb (s̄σµν PR b)F µν .
The primed quantities in eq. (2.1) correspond to the chirality flipped operators, Oi0 , which
are obtained from Oi after replacing PL ↔ PR . From this Hamiltonian it is straightforward
to compute the decay rates for Bs → `1 `2 and B → K (∗) `1 `2 , cf. ref. [24]. In the following
we will omit the dependence on the renormalization scale and take Ci ≡ Ci (mb ).
By assuming that the NP couplings to electrons are negligible, it has been established
that RK and RK ∗ can be explained by a purely vector Wilson coefficient, C9µµ < 0, or by a
µµ
left-handed combination, C9µµ = −C10
< 0.3 The result of our fit, illustrated in figure 1 is
O9`1 `2 =

OS`1 `2 =

µµ
C9µµ = −C10
∈ (−0.85, −0.50) ,
3

(2.3)

An explanation of RK (∗) by NP couplings to electrons is disfavored by global analysis of the b → sµµ
observables, cf. refs. [25–28].
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are computed perturbatively, whereas the remaining long-distance physics is expressed in
terms of a number of effective (dimension-six) operators, higher dimension operators being
suppressed by powers of a high energy scale. In the SM the matching between the full
and effective theories for the loop-induced b → s`+ `− process includes the next-to-nextto-leading logarithmic corrections and the resummation of potentially large logarithms has
been made by means of the renormalization group equations [23]. Looking for NP in this
context means to look for the non-SM contributions to the Wilson coefficients corresponding
to the operators already present in the SM, in addition to those that are not present to
the SM but which are allowed on the Lorentz symmetry grounds. In this section, for
definiteness, we remind the reader of the low-energy effective theories relevant to both
b → s`+ `− and b → c`ν̄ decays.

2.0
1.5

C9 = -C10

μμ
C10

1.0
0.5

-0.5
C9 = C10

-1.0
-3

-2

-1

0

1

C9μμ
µµ
Figure 1. Low-energy fit to RK , RK ∗ and B(Bs → µµ) in the plane C9µµ vs. C10
. Darker (lighter)
µµ
region is allowed to 1 σ (2 σ) accuracy. Blue dashed lines correspond to scenarios with C9µµ = ±C10
,
while the black dot denotes the SM point.

exp
which deviates from the SM by almost 4σ. In this fit we used RK
(∗) [16, 17], and the

+0.3
exp
−9
4
theoretically clean B(Bs → µµ)
= 3.0 ± 0.6−0.2 × 10 [29].
µµ
µµ
The possibility of having C9 = −C10
is particularly interesting because it is realized
in several LQ scenarios [31]. From now on, for notational simplicity, we will omit the
“µµ”-superscript.

2.2

b → c`ν̄ and RD(∗)

The most general low-energy effective Lagrangian involving all of the dimension-six operators capable to generate a (semi-)leptonic decay via charged currents reads
h
√
Leff = − 2 2GF Vud (1 + gVL ) (uL γµ dL )(`L γ µ νL ) + gVR (uR γµ dR )(`L γ µ νL )
(2.4)
+ gSL (µ) (uR dL )(`R νL ) + gSR (µ) (uL dR )(`R νL )
i
+ gT (µ) (uR σµν dL )(`R σ µν νL ) + h.c. ,
where u and d stand for a generic up- and down-type quarks, and gi ≡ gi (mb ) are the
effective NP couplings with i ∈ {VL(R) , SL(R) , T }. In order to describe the anomalies
observed in the exclusive b → c`ν̄ decays one necessarily needs to introduce the new
bosonic fields above the electroweak scale. Such an extended theory should also respect
the SU(2)L × U(1)Y symmetry which means that gVR should be lepton flavor universal
4

Notice that the measured B(Bs → µµ)exp , agrees with the SM value B(Bs → µµ)SM = (3.65 ± 0.23) ×
10 [30].
−9
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0.0

gVL

b→cτ ντ

∈ (0.09, 0.13) .

(2.5)

Other solutions involving the coefficients gSL and/or gT have also been considered in the
literature [34–44]. In particular, two specific scalar LQ scenarios predict gSL = ±4 gT at
the scale µ = mLQ , which is of the order of 1 TeV [31]. That relation is modified when
running down to µ = mb . After including in the renormalization group running the oneloop electroweak corrections, in addition to the three-loop QCD anomalous dimensions,
the relations gSL = +4 gT and gSL = −4 gT become gSL ≈ +8.14 gT and gSL ≈ −8.5 gT
at µ = mb , respectively [45]. The low-energy fits to various combinations of effective
coefficients are shown in figure 2. In the same plot, we superimpose the limits derived
from the Bc -meson lifetime, which is particularly efficient to constraint the pseudoscalar
contribution [46, 47]. More precisely, we consider the conservative limit B(Bc → τ ν̄) . 30%
and the expression
!2
2
mBc fB2 c G2F |Vcb |2 2
(gSR − gSL ) m2Bc
m2τ
B(Bc → τ ν̄) = τBc
mτ 1 − 2
1 + gVL +
, (2.6)
8π
mτ (mb + mc )
mBc
from which we derive that
gP (mb ) ≡ gSR (mb ) − gSL (mb ) ∈ (−1.14, 0.68) .

(2.7)

By combining this constraint with the low-energy fit to RD(∗) described above, we conclude
in figure 2 that not only the scenario with gVL > 0 can accommodate RD(∗) , but also other
scenarios such as gT (mb ) 6= 0, gSL = −4 gT > 0. Furthermore, plausible solutions are
obtained for gSL = ±4 gT but allowing the couplings to be mostly imaginary. These
5

That assumption is a very good approximation to the realistic situation. As we shall see, we find that
the couplings of leptoquarks to b and τ are indeed much larger than those involving muons so that the
physics discussion of RD(∗) remains unchanged after setting the couplings to muons to zero.
6
We disregard the solution with large and negative values of gVL , since this possibility would require
excessively large NP couplings.
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at dimension-six, and as such it is irrelevant for the discussion that follows [32, 33]. In
other words, we are left with four effective coefficients, gVL , gSL , gSR and gT which can
potentially contribute to RD(∗) .
To determine the allowed values of the effective couplings gi we assume that NP only
contributes to the transition b → cτ ν̄, and that its effect is negligible to the electron
and muon modes.5 We use the B → D semileptonic form factors computed by means
of lattice QCD in refs. [9, 10]. Since the B → D∗ form factors at non-zero recoil are
still not available from LQCD, we consider the ones extracted from the measured angular
distribution of B → D∗ (→ Dπ)lν̄ (l ∈ {e, µ}) given in ref. [8], and combine them with the
ratios A0 (q 2 )/A1 (q 2 ) and T1−3 (q 2 )/A1 (q 2 ) computed in ref. [14]. By using these theoretical
inputs and the experimental values given in eq. (1.2) we were able to constrain the values
of effective coefficients in eq. (2.4) and thus accommodate RD(∗) . The first solution we
consider is the coefficient gVL > 0, which corresponds to an overall rescaling of the SM.
The allowed 1 σ range in this case reads6

100
50

χ2SM

10
5
1
0.5

χ2

χ2

100
50

10
5
1
0.5

gVL
gSL
gT

0.1
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

0.5

1.0

χ2SM

gSL = -4 gT , real
gSL = 4 gT , imag.
gSL = 4 gT , real

0.1
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

0.5

1.0

gSL (mb)

gi (mb)

findings are in agreement with the literature, cf. ref. [34], which are updated in this paper
with the most recent experimental and theoretical inputs and extended by allowing the
possibility of imaginary couplings.

3

Leptoquark models for RK (∗) and/or RD(∗)

In this section we briefly review the LQ models proposed to accommodate the B-physics
anomalies by introducing a single mediator. We adopt the notation of ref. [31] and specify
the LQ by their SM quantum numbers, (SU(3)c , SU(2)L )Y , where the electric charge, Q =
Y + T3 , is the sum of the hypercharge (Y ) and the third weak isospin component (T3 ). In
the left-handed doublets, Qi = [(V † uL )i dL i ]T and Li = [(U νL )i `L i ]T , the matrices V and
U are the CKM and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrices, respectively.
Since the neutrino masses are insignificant for the phenomenology we study in this paper,
we can set U = 1.
3.1
3.1.1

Scalar leptoquarks
S3 = (3̄, 3)1/3

The first scenario we consider is with S3 = (3̄, 3)1/3 , a weak triplet of scalar LQ states
with hypercharge 1/3.7 Remarkably, S3 is the only scalar particle that can simultaneously
exp
SM and Rexp < RSM at tree-level [48–51]. The Yukawa Lagrangian of
account for RK
< RK
K∗
K∗
S3 reads [31]
k
LS3 = yLij QC
(3.1)
i iτ2 (τk S3 )Lj + h.c. ,
where τk is one of the Pauli matrices (k = 1, 2, 3), S3k is a component of the LQ triplet, and
yL stands for a generic Yukawa matrix. We have neglected the LQ couplings to diquarks
7

We follow a common practice and in this paper we consider the LQ’s belonging to the same multiplet
to be mass degenerate.
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Figure 2. χ2 values for individual effective coefficients fits of RD and RD∗ , compared to the SM
value, χ2SM ≈ 19.7. In the left panel, χ2 is plotted against gVL , gSL and gT at µ = mb . In the
right panel, χ2 is plotted against gSL (mb ) by assuming gSL = ±4 gT at µ = 1 TeV, for purely
imaginary and real couplings. The dashed regions correspond to the values excluded by the Bc lifetime constraints, see text for details.

in eq. (3.1) in order to ensure the proton stability [31]. Otherwise one should devise an
appropriate symmetry to suppress these couplings that are known to be tightly constrained
by experimental limits on the proton lifetime.8 It is convenient to rewrite eq. (3.1) in terms
of charge eigenstates as:
√
(1/3)
(4/3)
LS3 = − yLij dC
− 2 yLij dC
L i νL j S3
L i ` L j S3
(3.2)
√
(−2/3)
(1/3)
∗
C `
+ 2 (V ∗ yL )ij uC
ν
S
−
(V
y
)
u
S
+
h.c.
,
L
j
L
L
j
3
3
ij L i
Li

exp
SM
which is precisely the effective scenario needed to accommodate RK
(∗) < RK (∗) . Notice
kl
once again that in this discussion C9,10
refer only to the LQ contribution, that is to be
added to the SM value which is non-zero in the lepton flavor conserving case (l = k).
Similarly, we also read off the contribution arising from this LQ to the b → c`ν `0 transition
and find


0
v 2 yLb` (V yL∗ )c`
v 2 b`0
Vcs s` ∗ Vcd d` ∗
b` ∗
gV L = −
= − 2 yL (yL ) +
(y ) +
(y ) .
(3.4)
Vcb L
Vcb L
4Vcb m2S3
4mS3

We see that the coupling yLb` gives a negative contribution to gVL , clearly at odds with
exp
SM
s`
d`
RD
(∗) > RD (∗) . Note that the terms depending on yL and yL are not necessarily negative,
but they are tightly constrained by other flavor limits, such as B(B → K ν̄ν) and the
0 − B̄ 0 system (∆m
frequency of oscillations in the Bd,s
Bd,s ), so that this scenario cannot
d,s
accommodate RD(∗) .
3.1.2

R2 = (3, 2)7/6

The second scenario we consider is R2 = (3, 2)7/6 , the weak doublet of scalar LQ’s with
hypercharge Y = 7/6. This scenario is known to be unsatisfactory at tree level because it
SM , clearly disfavored by the data. One can get around this problem,
leads to RK (∗) > RK
(∗)
as proposed in ref. [52], and generate corrections to RK (∗) at loop-level and accommodate
exp
SM
RK
(∗) < RK (∗) . Interestingly, R2 is the only scalar LQ for which the proton stability is automatically preserved [53]. The most general Lagrangian describing the Yukawa interactions
with R2 can be written as,
ij
L R2 = y R
Qi `R j R2 − yLij uR i R2 iτ2 Lj + h.c. ,

(3.5)

where yL and yR are the Yukawa matrices, and SU(2)L indices have been omitted for
simplicity. More explicitly, in terms of the electric charge eigenstates, the Lagrangian (3.5)
can be written as
(5/3)

LR2 = (V yR )ij uL i `R j R2

(2/3)

+ (yL )ij ūR i νL j R2

(2/3)

+ (yR )ij dL i `R j R2

(5/3)

− (yL )ij uR i `L j R2

8

(3.6)
+ h.c.

See ref. [48] for illustration of a Grand Unification scenario in which these couplings are absent in a
concrete SU(5) set-up.
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+
from which one can easily extract the Wilson coefficients for the b → s`−
l `k decay, namely,
∗
yLbk yLsl
πv 2
kl
kl
C9 = −C10 =
,
(3.3)
Vtb Vts∗ αem m2S3

As mentioned above, the tree-level contribution to the Wilson coefficients amounts to

sl y bk ∗
yR
πv 2
R
kl
kl tree
C9 = C10 = −
,
(3.7)
2Vtb Vts∗ αem m2R2
SM , in conflict with experiment. Instead, if the LQ corrections
which leads to RK (∗) > RK
(∗)
start at loop-level, which can be achieved by setting yR ≡ 0, one finds [52]
X
Vub Vu∗0 s u0 k  ul ∗
kl loop
C9kl = −C10
=
y
yL F (xu , xu0 ) ,
(3.8)
Vtb Vts∗ L
0
u,u ∈{u,c,t}


x∆ (x∆ − 4) log x∆
−
.
(x∆ − 1)(x∆ − xu )(x∆ − xu0 )

(3.9)

Furthermore, this LQ state contributes to the transition b → cτ ν̄`0 via the following coefficients,

0
b` ∗
v 2 yLc` yR
gSL = 4 gT =
,
(3.10)
4Vcb m2R2
obtained by tree-level matching at the scale µ = mR2 . This scenario can accommodate the
observed deviations in RD(∗) for complex and even purely imaginary couplings, as it can
be seen in figure 2, and in refs. [35, 54, 55].
A simultaneous explanation of RK (∗) and RD(∗) is, however, excluded due to the stringent limits on B(τ → µγ), which would receive a contribution enhanced by a factor of
mt /mτ at the amplitude level, as discussed in ref. [52]. Therefore, this scenario can accommodate either RK (∗) or RD(∗) , but not both.
3.1.3

e 2 = (3, 2)1/6
R

e2 = (3, 2)1/6 , the weak doublet of scalar LQ’s
Another important scenario to consider is R
with hypercharge Y = 1/6, which couples to SM fermions through a single gauge invariant
operator, namely, [56]
e2 iτ2 Lj + h.c. ,
LRe2 = −yLij dRi R
=

−yLij

e(2/3) + y ij dRi νLj R
e(−1/3) + h.c. ,
dRi `Lj R
2
2
L

(3.11)

where yL is a generic matrix of Yukawa couplings. Another appealing feature of this
scenario is that, like the R2 model, the potentially troublesome diquark couplings to LQ are
absent. Proton decay can still be generated in this scenario but by higher order operators
which can be eliminated by imposing a suitable symmetry in a way similar to what has
been done, for example, in ref. [57]. As before, we again identify the Wilson coefficients
+
arising from the tree level contributions to b → s`−
l `k in this model and find,
∗
yLsk yLbl
πv 2
0 kl
0 kl
C9 = −C10 = −
,
(3.12)
2Vtb Vts∗ αem m2e
R2
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where xi = m2i /m2W , and the loop function reads,

√
x u x u0
xu0 (xu0 − 4) log xu0
xu (xu − 4) log xu
F (xu , xu0 ) =
+
32παem (xu0 − 1)(xu − xu0 )(xu0 − x∆ ) (xu − 1)(xu0 − xu )(xu − x∆ )

exp
SM but in conflict with Rexp < RSM ,
which turned out to be in agreement with RK
< RK
K∗
K∗
cf. discussion in ref. [56]. Furthermore, the Yukawa interactions in eq. (3.11) do not contribute to the charged current processes, such as the transition b → cτ ν̄. This limitation
can be overcome by introducing light right-handed neutrinos to this set-up [58]. In that
case, scalar and tensor operators will be generated through the gauge invariant operator
e2 νR , which will not interfere with the SM contributions and therefore can provide only
QR
a small shift with respect to the SM predictions.

3.1.4

S1 = (3̄, 1)1/3

ij C
LS1 = yLij QC iτ2 Lj S1 + yR
uR i eR j S1 + h.c.
h
i

ij C
ij C
= S1 V ∗ yL ij uC
`
−
y
d
ν
+
y
u
`
+ h.c. ,
L
j
L
j
R
j
Li
L Li
R Ri

(3.13)

where yL and yR are generic Yukawa matrices. Like in the case of S3 we omitted the terms
involving diquark couplings to LQ, which must be forbidden by a symmetry to protect
the proton stability. By integrating out the LQ state we obtain that, at the matching
scale µ = mS1 ,

0
v 2 yLb` V yL∗ c`
gVL =
,
(3.14)
4Vcb
m2S1

0
c` ∗
v 2 yLb` yR
gSL = −4 gT = −
.
(3.15)
4Vcb m2S1
+
Although this LQ does not contribute to the transition b → s`−
l `k at tree-level, the effective
coefficients C9(10) receive contributions at loop-level, namely [59]



∗
yL · yL† bs †
v2
m2t
kl
kl
∗
∗
V yL tk V yL tl −
yL · yL kl ,
C9 + C10 =
∗
2
2
8παem mS1
32παem mS1 Vtb Vts


2

∗
mS 1
m2t
kl
kl
C9 − C10 =
yR tk yR tl log 2 − f (xt )
(3.16)
8παem m2S1
mt


yL · yL† bs †
v2
−
yL · yL kl ,
∗
2
32παem mS1 Vtb Vts


xt
where xt = m2t /m2W and f (xt ) = 1 + xt3−1 log
−
1
. The possibility of explaining RK (∗)
xt −1
and/or RD(∗) in this scenario will be discussed in section 5.

3.2
3.2.1

Vector leptoquarks
U1 = (3, 1)2/3

The first scenario of this sort we consider is U1 = (3̄, 1)2/3 , the weak singlet vector LQ,
which received considerable attention because it can provide a simultaneous explanation
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Finally, one can also consider a scenario with S1 = (3̄, 1)1/3 , a weak singlet scalar LQ with
hypercharge Y = 1/3. This model was deemed to be viable in ref. [54] for accommodating
exp
SM
RD
(∗) > RD (∗) . The most general Yukawa Lagrangian of S1 reads

to the anomalies in b → s and b → c transitions [60]. The most general Lagrangian
consistent with the SM gauge symmetry allows couplings to both left-handed and righthanded fermions, namely,
µ
ij ¯
µ
LU1 = xij
L Q̄i γµ U1 Lj + xR dR i γµ U1 `R j + h.c.,

(3.17)

ij
where xij
L and xR are the couplings. The contribution of the left-handed couplings to the
effective Lagrangian (2.1) amounts to

=

kl
−C10

bk
xsl
πv 2
L xL
=−
∗
Vtb Vts αem m2U1

∗
,

(3.18)

exp
SM
as required by the observation of RK
(∗) < RK (∗) . Switching on the right-handed couplings,
0 , C = −C and
xR 6= 0, amounts to contributions to other Wilson coefficients, C90 = C10
S
P
0
0
(CS ) = (CP ) . However, since the latter Wilson coefficients are disfavored by the current
b → s data, we will set the right-handed couplings to zero and call such a scenario the
minimal U1 model. Furthermore, this scenario also contributes to b → c`ν̄`0 by giving rise
to the effective coefficient
∗
v 2 (V xL )c`0 xb`
L
gV L =
2Vcb m2U1
(3.19)



v2
Vcs s`0 Vcd d`0
b` ∗
b`0
=
x
xL +
x +
x
,
Vcb L
Vcb L
2m2U1 L

which is clearly acceptable since the leading term implies gVL > 0, in agreement with the
exp
SM
observed RD
(∗) > RD (∗) .
A peculiarity of this scenario is the absence of contributions to the transition b →
sν ν̄ [20, 60]. Importantly, however, this model is nonrenormalizable, which undermines
its predictivity at the loop-level unless the ultraviolet (UV) mechanism generating the U1
mass is explicitly specified, see refs. [53, 61–66] for concrete examples.
3.2.2

U3 = (3, 3)2/3

The last scenario we consider is the weak triplet of vector LQ’s, U3 = (3, 3)2/3 [67]. Due to
gauge symmetry, this LQ couples only to the left-handed SM fermion doublets, with the
most general Lagrangian being [31]
µ
k
LU3 = xij
L Qi γ (τk U3 µ )Lj + h.c.

(3.20)

Using eq. (3.20) and matching at tree-level onto the effective Lagrangian in eq. (2.1), we
obtain that

bk ∗
xsl
πv 2
L xL
kl
kl
C9 = −C10 = −
,
(3.21)
Vtb Vts∗ αem m2U3
which can accommodate RK (∗) , in a way similar to the U1 model. Concerning the effective
operators in the charged-current case (2.4), the only non-vanishing effective coefficient is
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C9kl

g

LQ

q

ℓ
LQ

g

LQ

q̄

(a)

ℓ̄
(b)

again gVL which is given by
gVL

∗
v 2 (V xL )c`0 xb`
L
=−
,
2Vcb m2U3


v 2  b` ∗ b`0 Vcs s`0 Vcd d`0
= − 2 xL
xL +
x +
x
.
Vcb L
Vcb L
2mU3

(3.22)

We see that, similar to the scenario with S3 , this model cannot accommodate the deviation
2
in RD(∗) because the term proportional to |xbτ
L | is negative, while the others are tightly
constrained by other flavor physics observables, such as B(B → Kν ν̄).
Similarly to U1 , the U3 model is generally nonrenormalizable. Nevertheless, under
certain circumstances, loops involving U3 can be calculated. More precisely, if the 3 × 3
matrix xL from eq. (3.20) is unitary, UV-divergences appearing in loop-induced FCNCs
mediated by U3 are canceled through the GIM mechanism. However, the price to pay for
having a unitary coupling matrix is that LQ couplings to first generation SM fermions, such
as e, d, or u, can no longer be avoided. In turn, the presence of such couplings is in strong
conflict with LFV bounds from µ − e conversion in Au nuclei and from B(KL → µe), which
exclude the U3 scenario with unitary xL as a viable explanation of the b → s anomalies,
see discussion in ref. [20].

4
4.1

High-pT phenomenology
Direct limits on pair-produced LQs

An efficient way to set limits on LQs is to directly search for them at hadron colliders. At
the LHC one of the most significant example of such a processes is the pair production
gg (q q̄) → LQ† LQ, shown in figure 3 (a). In both ATLAS and CMS the searches for
this process in different decay channels into second and/or third generation quarks and
¯ q q̄ν ν̄, have been made. The results of these searches lead to
leptons, LQ† LQ → q q̄``,
model independent bounds on both the mass and branching fractions of the LQ.
In table 1 we list the most recent lower limits on the masses of second/third generation scalar and vector LQs relevant to this work, for benchmark branching ratios set to
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Figure 3. (a) Representative Feynman diagram for LQ pair production via QCD interactions.
(b) Feynman diagram for LQ t-channel exchange in pp → ``¯ production at the LHC. The dashed
propagator represents either a scalar or vector LQ state.

LQs

Scalar LQ limits

Vector LQ limits

Lint / Ref.

jj τ τ̄

S1 , R 2 , S 3 , U 1 , U 3

—

—

—

bb̄ τ τ̄

R2 , S 3 , U 1 , U 3

850 (550) GeV

1550 (1290) GeV

12.9 fb−1 [69]

tt̄ τ τ̄

S1 , R 2 , S 3 , U 3

900 (560) GeV

1440 (1220) GeV

35.9 fb−1 [70]

jj µµ̄

S1 , R 2 , S 3 , U 1 , U 3

1530 (1275) GeV

2110 (1860) GeV

35.9 fb−1 [71]

bb̄ µµ̄

R2 , U 1 , U 3

1400 (1160) GeV

1900 (1700) GeV

36.1 fb−1 [72]

tt̄ µµ̄

S1 , R 2 , S 3 , U 3

1420 (950) GeV

1780 (1560) GeV

36.1 fb−1 [73, 74]

jj ν ν̄

R2 , S 3 , U 1 , U 3

980 (640) GeV

1790 (1500) GeV

35.9 fb−1 [75]

bb̄ ν ν̄

S1 , R 2 , S 3 , U 3

1100 (800) GeV

1810 (1540) GeV

35.9 fb−1 [75]

tt̄ ν ν̄

R2 , S 3 , U 1 , U 3

1020 (820) GeV

1780 (1530) GeV

35.9 fb−1 [75]

Table 1. Summary of the current limits from LQ pair production searches at the LHC. In the
first column we give the searched final states and in the second column the LQs for which this
search is relevant. In the next two columns we present the current limits on the mass for scalar and
vector LQs, respectively, for β = 1 (β = 0.5). In the last column we display the value of the LHC
luminosity for each search along with the experimental references. Note that “j” denotes any jet
originating from a charm or a strange quark. Entries marked with “−” indicate that no recast or
search in this channel has been performed up to this date.

β = 1 (0.5). These limits assume the following: (i) pair production is dominated by QCD interactions, and (ii) for vector LQs (V µ ) the LQ-gluon interaction term, L ⊃ −κgs V µ Gµν V ν ,
is taken with κ = 1. The first assumption is in general true for LQ-fermion couplings of
order ∼ 1 or smaller [68]. In this regime, contributions to q q̄ → LQ† LQ with a t-channel
lepton (where the amplitude is proportional to the squared LQ-fermion coupling) are subleading compared to QCD induced production. The assumption on the value of κ, instead,
depends on the UV origin of the vector LQ [76]. If V µ is a fundamental gauge boson
of a new non-abelian gauge group then the gauge symmetry completely fixes the choice
κ = 1. The possibility of having |κ| < 1 may arise in a UV theory where the vector LQ is
a composite particle, therefore giving rise to LHC limits weaker than for the gauge vector
LQ presented in table. 1.
4.2

Limits from high-pT tails of pp → ``¯

As shown in refs. [77, 78], a contribution arising from the t-channel exchange of LQs to
pp → ``¯ (` = µ, τ ) can be directly probed in the high-pT tails of Drell-Yan processes
at the LHC. In particular, larger values of Yukawa couplings, that are often needed to
accommodate the B-anomalies, could modify the tail of the differential cross section of
¯ In the following we use LHC data from pp-collisions at 13 TeV to set limits on
pp → ``.
each LQ model. For this we have recast two recent searches by ATLAS at 36.1 fb−1 for a
Z 0 decaying to µµ̄ [79] and τ τ̄ [80], respectively.
For the di-tau analysis we focused on the fully inclusive channel with hadronic taus
(τhad ) in the final state,given that these perform considerably better at high pT than the
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Decays

Besides producing deviations in the di-lepton tails, LQ mediators that couple simultaneously to differently charged leptons may also produce measurable effects in LFV observables at the LHC. In particular, searching for the process pp → ``0 with a LQ exchanged
in the t-channel may provide an additional handle for setting constraints on the flavor
structure of these LQ models. Existing searches for a massive Z 0 with LFV couplings have
been presented by the LHC collaborations in the Z 0 → eµ, eτ, µτ channels. In order to
determine the sensitivity of the LHC to the t-channel process pp → µτ we recast the LFV
Z 0 search by ATLAS [86, 87] at 3.2 fb−1 . We find, however, that the bounds on the LQs
extracted from the high-pT mµτ tails are always weaker than the combined bounds from
the flavor conserving di-muon and di-tau tails described above.
9

1/3

We did not present plots for S1 since these bounds are identical to the bounds for S3 .
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leptonic tau decay channels. For each search we counted the number of observed and background events above different threshold values of the invariant mass distributions mµµ for
the di-muon search and the total transverse mass distribution mtot for the di-tau search
(see ref. [80] for the definition of mtot ). An upper bound at 95% C.L. on the number of
allowed signal events above each mass threshold was extracted for each search by minimizing the Log-Likelihood ratio with nuisance parameters for the background uncertainties,
as described in [81]. Besides the current luminosity limits, we also estimated projected
limits at a higher LHC luminosity of Lint = 300 fb−1 by scaling the data and background
√
events with the luminosity ratio and the background uncertainties with Lint assuming
that the data in the distribution tails are statistically dominated. This assumption holds
well for the leading backgrounds such as SM Drell-Yan production or fake τhad from QCD
jet mis-tagging since these are estimated using experimental data from control regions that
improve with more statistics. Additionally, systematics in the tails of the di-muon and
di-tau searches are well under control and only dominate the lower bins where the search
is insensitive to the massive LQs.
For our simulations we created the Universal FeynRules Output (UFO) files using
FeynRules [82] for each LQ mediator (S1 , S3 , R2 , U1 and U3 ) coupling exclusively to second
and third generation of quarks and leptons. For R2 and U1 we have only considered, for
simplicity, non-zero left-handed Yukawa matrices in eq. (3.6) and eq. (3.17). After exporting
the UFOs to MadGraph5 [83] we generated for each LQ mediator a statistically significant
set of t-channel Drell-Yan event samples q q̄ → µµ̄, τ τ̄ for initial sea quarks, q ∈ {s, c, b},
and for vector (scalar) LQs at different masses in the 1–6 TeV (0.6–3 TeV) range. Each
sample was subsequently showered and hadronized using Pythia8 [84]. Final state hadronic
taus and isolated muons where reconstructed and smeared using Delphes3 [85] with the
parameters set according to each experimental scenario. In order to illustrate the current
reach of the LHC for each LQ state we show in figure 4 results from the pp → µµ̄ and
pp → τ τ̄ searches by ATLAS for scalar (vector) LQs in the yLql (xql
L ) coupling versus mass
plane.9 Each line corresponds to the 95% upper limit for the process q q̄ → ``¯ turning on
each flavor coupling one at a time, with q ∈ {s, c, b} and ` ∈ {µ, τ }. Similar bounds of the
0
q0 l
0
same order can be extracted for the coupling products yLql yLq l and xql
L xL with q 6= q from
0
¯
the quark flavor violating process qq → ``.
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Figure 4. The top panel (lower panel) shows current limits in the coupling vs mass plane for
several scalar LQ (vector LQ) models from LHC searches in pp → ``¯ high-pT tails at 13 TeV with
36 fb−1 of data. The solid and dashed lines represent limits from di-tau and di-muon searches,
ql
respectively, for different initial quarks while turning one scalar (vector) LQ coupling yL
(xql
L ) at
a time.

5

Which leptoquark model?

In this section we subject the models listed in section 3 to the constraints stemming both
from direct and indirect NP searches. We will then select LQ scenarios which can accomexp
exp
modate RK
(∗) and/or RD (∗) based on the expressions derived above.
• S3 = (3̄, 3)1/3 :
exp
As already discussed in section 3.1.1, the S3 model can accommodate RK
(∗) since it
predicts the NP contribution to C9,10 satisfying C9 = −C10 . On the other hand, this
exp
SM
scenario cannot accommodate the anomalies in RD
(∗) > RD (∗) . This can be easily
understood from eq. (3.4), where we see that the sign of the leading term for gVL is
SM , see also eq. (2.5). The subleading
negative, thus further lowering the value of RD
(∗)
terms in this equation could in principle provide a positive contribution to RD(∗) but
such a situation would be in conflict with tight constraints coming from other flavor
physics limits, such as B → Kνν and ∆mBs .
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• R2 = (3, 2)7/6 :

where yLcµ and yLtµ are non-zero couplings. For the time being, we neglected the coupling to τ because it plays no role in the discussion of RK (∗) . The main challenge
in this scenario is to comply with LHC limits, which are particularly constraining
in the region the anomalies can be accounted for. To see the extent to which the
model can accommodate measured RK (∗) we use the allowed values of Wilson coefficients specified in eq. (2.3), as well as the constraints arising from the limits on
B(B → K (∗) ν ν̄) and from the Z-pole observables [52]. The results of our fit are then
combined with limits derived in section 4, and shown in figure (5), for two benchmark
masses, mR2 = 1.2 TeV and 1.5 TeV, cf. table 1. From this plot we see that a large
yLcµ needed at low-energies is in tension with LHC limits, allowing then an explanaexp
exp
tion of RK (∗) only at the 2σ level. Therefore, if the central values of RK
and RK
∗
remain unchanged with more data, this model will be excluded as an explanation of
the b → s anomalies. A similar conclusion has been independently found in ref. [73].
The above flavor pattern is clearly not satisfactory to explain the observed RD(∗) >
SM . To accommodate those one could proceed as in refs. [35, 54, 55, 88] and let
RD
(∗)

cτ
bτ ∗ to be of order O(1), which is compatible both with low-energy observables
y L yR
and with upper limits on pp → τ τ derived at LHC. This is illustrated in figure 4.
From the point of view of the effective Lagrangian (2.4) this LQ scenario generates
the combination gSL = 4 gT at the matching scale µ ' 1 TeV, which can turn RD(∗)
exp
compatible with RD
(∗) if gSL is mostly imaginary, cf. figure 2. We should reiterate
that a simultaneous explanation of both RK (∗) and RD(∗) cannot be obtained in
this scenario even at the 2σ level. This is so because the couplings required to
accommodate each of the observed anomalies would induce too large a value for
B(τ → µγ), due to the chiral enhancement by the top quark [52].
e2 = (3, 2)1/6 :
• R
e2 , the non-zero NP Wilson coefficients in the b → sµµ
In a model with the LQ state R
decay are those corresponding to the chirality flipped operators and they satisfy
0 . While this is enough to explain R
SM
SM
C90 = −C10
K < RK , it predicts RK ∗ > RK ∗
which is in disagreement with experimental data [56]. In ref. [58] this model has also
been considered to account for the anomalies in charged currents. To this purpose,
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At tree level the R2 model contributes to C9,10 in such a way that they satisfy
SM , cf. section 3.1.2. This situation can
C9 = C10 , which disagrees with RK (∗) < RK
(∗)
be avoided by choosing a flavor structure such that the tree-level contribution to
b → sµµ is absent. As a result, C9,10 are loop induced and the NP Wilson coefficients
satisfy C9 = −C10 , as needed [35]. The minimal flavor ansatz in eq. (3.6) to realize
such a scenario is given by


0 0 0


yL = 0 yLcµ 0 ,
yR = 0 ,
(5.1)
tµ
0 yL 0

3

mR2 = 1.2 TeV

2

2

1

1

ytμ
L

ytμ
L

3

0

0

-1

-1

-2

-2
-3

LHC

-3

-2

-1

0

ycμ
L

1

2

3

LHC

-3

-2

-1

0

ycμ
L

1

2

3

Figure 5. Regions in plane ycµ vs. ytµ with ∆χ2 = 2.3(6.8) are plotted in dark (light) blue for
mR2 = 1.2 TeV (left panel) and 1.5 T eV (right panel). We consider the b → s`` constraint [eq. (2.3)]
and the ones from the Z-pole observables computed in [52]. The black line denotes the LHC limits
derived from pp → µµ data with 36 fb−1 , which excludes an explanation of RK (∗) to 1σ for both
masses. See text for details.

it is necessary to postulate the existence of light right-handed neutrinos, as already
mentioned in section 3.1.3. The main difficulty of this scenario is to face the LHC
limits on (i) recent limits on pair-produced LQs given in table 1, and (ii) τ τ dilepton
tails [77]. The combination of these latter constraints is particularly efficient in this
e2 model can only account for a very small enhancement in R (∗) .
scenario, so that R
D
• S1 = (3̄, 1)1/3 :
SM since it generates the
The S1 model is a viable candidate to explain RD(∗) > RD
(∗)
effective couplings gVL and gSL = −4 gT , both being equally viable when it comes
exp
SM
down to accommodating RD
(∗) > RD (∗) , see figure 2. On the other hand, this scenario
does not provide a tree-level contribution to b → s`` but C9,10 can be induced by
the box-diagrams satisfying C9 = −C10 , as desired [59]. It appears, however, that
this is not a viable scenario if one works with mS1 ≈ 1 TeV and if one wants to stay
µ/e
compatible with RD(∗) = B(B → D(∗) µν̄)/B(B → D(∗) eν̄), as discussed in ref. [20].
A step beyond was made in ref. [89] in which the model was shown to be viable if
(i) a larger LQ mass is considered, and (ii) a different coupling structure, with large
right-handed LQ couplings to the τ -lepton, is allowed.

To evaluate the extent to which this particle can improve the description of the b → s
anomalies, we consider the minimal flavor ansatz,


0 0 0


yL = 0 yLsµ 0 ,
0 yLbµ 0
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-3

mR2 = 1.5 TeV

where we keep only the couplings that contribute to C9 = −C10 .10 We then perform
a fit to the low-energy observables modified by these couplings, namely, (i) the values
of Wilson coefficients given in eq. (2.3), (ii) the experimental limits on B(B → Kν ν̄),
(iii) the experimentally established ∆mBs , (iv) Z-boson couplings to leptons measured at LEP, (v) leptonic decays D(s) → µν̄ and K → µν̄, and (vi) the rare charm
decay D0 → µµ. All the expression needed for that analysis, together with the experimental values/bounds can be found in ref. [20]. We find χ2min /d.o.f. = 11.2/3 for
the following choice of parameters:
√

yLsµ ≈ −0.15 ,

4π ,

mS1 ≈ 5.2 TeV ,

(5.3)

√
where we have imposed the perturbativity limit |yLij | ≤ 4π. The value χ2min = 11.2
is smaller than the SM value, χ2SM = 21.2, showing that the discrepancy can be
decreased but not fully accommodated. In figure 6 we plot the regions with ∆χ2 < 2.3
and 6.8 in the planes mS1 vs. yLsµ and mS1 vs. yLbµ . From this plot we see that one
needs large LQ masses and large |yLbµ | to satisfactorily accommodate the current
√
data. Such large couplings are close to the nonperturbative regime |yLbµ | & 4π,
indicating that one needs a systematic study of one-loop corrections before assessing
the viability of this scenario. In figure 6 we also show the bounds coming from the
direct searches at LHC which are weak in the region of parameters described above.
By assuming |yLbµ |  |yLsµ |, the bound we deduce from the pair production searches
in the tt̄µµ̄ channel is mS1 > 1.4 TeV [74], much lower than the one we get from the
flavor fit, given in eq. (5.3). We should note that limits from the study of dilepton
tails, as described in section 4.2, are too weak, as expected, because the flavor fit
favors couplings mostly to the third generation of quarks, for which the PDFs are
very suppressed.
So far we were concerned with the b → s`` anomalies, RK (∗) . If instead we focus on
cτ 6= 0:
RD(∗) then the flavor ansatz given in eq. (5.2) must be extended to allow for yR


0 0

0





yL =  0 yLsµ yLsτ  ,
0

yLbµ

yLbτ



0 0 0




cτ  .
y R =  0 0 yR

0 0

(5.4)

tτ
yR

The couplings to τ bring in new constraints, such as those coming from B(Ds → τ ν̄),
B(B → τ ν) and B(τ → µγ), as described in ref. [20]. By performing a χ2 analysis
similar to the one above we conclude that the tension in RK (∗) and RD(∗) can be
moderately reduced if one is to remain in the range of mS1 . 2 TeV. To accommodate
√
√
cτ | ≈
4π, and mS1 & 4 TeV,
them one would need large couplings, |yLbµ | ≈ 4π and |yR
which is different from the original proposal in ref. [59]. These conclusions agree with
ref. [89].
ij
Note that the couplings yR
to right-handed leptons will generate the combination of Wilson coefficients
C9 + C10 , which is disfavored by the current data.
10
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Figure 6. mS1 is plotted against yL
(left panel) and yL
(right panel). Light (dark) blue regions
2
correspond to ∆χ < 2.3(6.8). The black line in the right panel denotes the LHC exclusion limit
on pair produced LQs decaying into tµ [74]. See text for details.

• U1 = (3, 1)2/3 :
As discussed in ref. [60] the minimal U1 model is one of the best candidates to
simultaneously explain the anomalies in RK (∗) and RD(∗) . The interesting features of
this scenario are: (i) contributions to RK (∗) come from the Wilson coefficients C9,10
SM ,
satisfying C9 = −C10 , (ii) a positive sign of gVL allows to accommodate RD(∗) > RD
(∗)
cf. eq. (3.19), and (iii) the absence of tree-level contributions to B(B → K (∗) ν ν̄),
which is often a major obstacle to the models built to accommodate the B-physics
anomalies. We will discuss this scenario in more detail in section 6.

• U3 = (3, 3)2/3 :
Finally, the model U3 is also a viable candidate to explain RK (∗) , since it predicts
SM . This can be
C9 = − C10 , but it cannot provide an explanation of RD(∗) > RD
(∗)
understood on the basis of eq. (3.22) from which we learn that the leading contribution
to gVL comes with the wrong (negative) sign. The subleading couplings to the strange
quark are constrained by the tight experimental limits on B(B → K (∗) ν ν̄), which is
why the net effect on RD(∗) is very small.

Our findings are summarized in table 2, from which we learn that U1 is the only
single LQ model that can simultaneously accommodate RK (∗) and RD(∗) , in agreement
with findings of ref. [60]. A slightly non-minimalistic possibility is to build a model with
two different scalar leptoquarks, as explored for S1 and S3 in refs. [60, 90, 91], and for R2
and S3 in ref. [88]. Note that our conclusions can also serve as a guideline for future studies
if one of the anomalies disappears.
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-0.4

RK (∗)

RD(∗)

RK (∗) & RD(∗)

S1

7∗

X

7∗

R2

7∗

X

7

f2
R

7

7

7

S3

X

7

7

U1

X

X

X

U3

X

7

7

Table 2. Summary of the LQ models which can accommodate RK (∗) (first column), RD(∗) (second
column), and both RK (∗) and RD(∗) (third column) without inducing other phenomenological problems. The symbol 7∗ means that the discrepancy can be alleviated, but not fully accommodated.
See text for details.

6

Revisiting U1 = (3, 1)2/3

In this section we discuss in more detail the phenomenological status of the scenario U1 .
We will use the low-energy physics observables which receive the tree-level contributions
from the U1 exchange to constrain the model parameters. We will also compare these
results with the ones deduced from the experimental bounds based on direct searches at
the LHC. Furthermore, we will make a brief comment concerning the loop effects.
6.1

Low-energy constraints

SM and R
SM
To satisfy both RK (∗) < RK
(∗)
D (∗) > RD (∗) we will assume the following structure
for the Yukawa matrices:


0 0 0

sτ 
xL = 0 xsµ
xR = 0 ,
(6.1)
L xL  ,
bµ bτ
0 xL xL

where the couplings to the first generation are set to zero in order to avoid the conflicts
with experimental limits on µ − e conversion on nuclei, the atomic parity violation and on
exp
B(K → πν ν̄). To determine the region allowed by RK
(∗) , we compare the result of the
global fit to b → sµµ observables, given in eq. (2.3), with the expression eq. (3.18), and find
bµ
xsµ
L xL
−
m2U1

∗

∈ [0.83, 1.41] × 10−3 TeV−2 .

(6.2)

A tree-level contribution of U1 to RD(∗) gives rise to the effective coefficient gVL , cf.
eq. (3.19), which compared to eq. (2.5) results in
(V xL )cτ xbτ
L
m2U1

∗
=

bτ
bτ ∗
(Vcs xsτ
L + Vcb xL ) (xL )
∈ [0.12, 0.18] TeV−2 .
m2U1
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Model

Eqs. – U1

Exp. value

Ref.

b → sµµ

(3.18)

(2.3)

[25–28]

b → cτ ν

(3.19)

(2.5)

[8]

B(τ → µφ)

(6.4)

< 8.4 × 10−8

[92]

B(B → τ ν)

(3.19), (2.6)

1.06(19) × 10−4

[8]

B(Ds → µν)

(3.19), (2.6)

5.50(23) ×

10−3

[92]

B(Ds → τ ν)

(3.19), (2.6)

5.48(23) × 10−2

[92]

rK

e/µ

(3.19), (2.6)

2.488(10) × 10−5

[92, 97]

τ /µ
rK
µ/e
RD

(3.19), (2.6)

4.670(67) × 102

[48]

(3.19)

0.995(22)(39)

[98]

B(B → Kµτ )

(3.18)

< 4.8 × 10−5

[99]

Table 3. Tree-level observables considered in our phenomenological analysis and their corresponding experimental values (or limits), as well as their theoretical expressions for the U1 scenario.

Other relevant constraints to this scenario are listed in table 3, including the decays K →
µ/e
µν̄, D(s) → τ ν̄ and B → τ ν̄, as well as the ratio RD = B(B → Dµν̄)/B(B → Deν̄).
Another important constraint stems from B(τ → µφ)exp < 8.4 × 10−8 [92, 93], which was
often neglected in previous studies of this particular LQ model, and which gives (to 2σ),
sτ
|xsµ
L ||xL |
< 0.018 TeV−2 .
m2U1

(6.4)

We reiterate that an important feature of this scenario is the absence of tree-level contributions to B → K (∗) ν ν̄. One-loop contributions to this transition as well as to many other
observables, such as τ → µγ, Bs − B̄s mixing and LFU tests in τ decays, can however be
important. In refs. [94–96] it was shown that the leading-log renormalization group effects
induced by the effective operators related to U1 could be in conflict with constraints from
leptonic Z and τ decays in the scenarios in which the dominant coupling is the one to the
third generation fermions. To get around that difficulty one can allow for a more general
flavor structure [60], similar to the one we consider here. In this work, we will not consider
the constraints induced by the loop effects since they could be sensitive to the details of
the unknown UV completion of the U1 model, which is model dependent. We will simply
assume that this problem is taken care of by some mechanism which prevents the appearances of divergences to higher order in perturbation theory. Moreover, as we shall see
below, the synergy between the tree-level constraints from flavor physics and the tree-level
bounds coming from direct searches at the LHC is already sufficient to significantly limit
the parameter space of this scenario. Of course, this fact does not reduce importance of
electroweak corrections which must be systematically included in the models in which the
UV completion is specified.
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Observable

6.2

Results and predictions

The results of our analysis will be presented in two parts. In the first we set mU1 = 1.5 TeV,
which is the lowest U1 mass not yet excluded by vector LQ pair production searches at the
LHC [75]. The resulting parameter space will then be used to show our predictions for two
LFV processes, B → Kµτ and τ → µφ. In the second part, we repeat the same exercise
but this time treating mU1 as a free parameter.

−2
xsµ
,
L ≈ −10

xbµ
L ≈ 0.25 ,

−3
xsτ
,
L ≈ 4.4 × 10

xbτ
L ≈ 2.81 .

(6.5)

We then perform a random scan over the values of the four left-handed couplings shown
√
in eq. (6.1), and enforce perturbativity, |xij
4π. We select only the points which
L| ≤
2
2
2
satisfy ∆χ (par) ≡ χ (par) − χmin ≤ 6.18, i.e. within 2 σ from the best fit point. The
selected points are compared with the limits deduced from the direct LHC searches in ``
(` =µ, τ ) final states, as detailed in section 4.2. In the plots presented in this section, the
points excluded by direct searches based on current LHC data (36 fb−1 ) are shown in grey.
Furthermore, the red points are those that are excluded from our projections to 300 fb −1 .
The blue points are those that would survive.
We first show, in figure 7, the correlation between the two LQ couplings entering
eq. (3.19) for mU1 = 1.5 TeV. One observes that the experimental value of RD(?) forces xbτ
L
to be different from zero, thus bounding its absolute value from below. Even though the
measurements of low-energy observables allow for xsτ
L = 0, we see that current LHC data
exclude this possibility, imposing the lower bound |xsτ
L | & 0.03. Moreover, our projected
−1
bound for 300 fb will push this limit even further away from 0, implying |xsτ
L | & 0.1.
Even though we opted to not consider the model dependent radiative bounds, which are
derived within the leading logarithm approximation [94–96], it is interesting to note that
comparable lower bounds on |xsτ
L | can be obtained by these means [60].
sτ
Next, we show in figure 8 the correlations between xbµ
L and xL (left panel) and between
sµ
bτ
xL and xL (right panel). The color code remains the same as before and the red (blue)
dashed lines correspond to the LHC limits obtained at 36 fb−1 (300 fb−1 ), but assuming
for simplicity that the couplings which are not present in a given plot are set to zero. 11 It
is clear from eq. (3.18) that in order to explain the measured deviation with respect to the
bµ
SM in the b → sµµ transitions, both xsµ
L and xL need to be different from zero. Moreover,
as discussed in the case of figure 7, current and future LHC limits provide a lower bound
exp
bτ
on |xsτ
L |, while RD (?) sets a lower limit on |xL |. These considerations have an important
impact on the LFV decays, as we discuss below.
We finally show in figure 9 our prediction for the correlation of two LFV observables,
B(τ → µφ) and B(B → Kµτ ), with the hatched black lines denoting the current experimen11

Setting other couplings to zero to get the dashed regions in these plots is the reason why some of the
red points remain within the dashed blue rectangles (because for these points the other couplings which are
not in the plot are not set to zero).
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Scan of parameters with mU1 = 1.5 TeV. For our analysis with fixed mU1 = 1.5 TeV,
we first find a best fit point by minimizing a χ2 -function built from the flavor observables
listed in table 3. We find χ2min = 6.61 for

bµ
sµ
bτ
Figure 8. Coupling xsτ
L is plotted against xL (left panel), and xL is plotted against xL (right
panel), by assuming mU1 = 1.5 TeV. Color code is the same as in figure 7.
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bτ
Figure 7. The correlation between the couplings xsτ
L and xL allowed by flavor constraints is plotted
for mU1 = 1.5 TeV. Gray points are excluded by current LHC data (36 fb−1 ) on pp → `` (` = µ, τ ).
The future LHC sensitivity is depicted by the red points, which were obtained by extrapolating
current data to 300 fb−1 , as discussed in section 4.2. Blue points are allowed by all constraints,
including the extrapolated LHC results to 300 fb−1 .

tal bounds on these processes. Again, mU1 is set to 1.5 TeV. As mentioned in the previous
paragraph, the fact that the LHC sets a lower bound on the absolute value of |xsτ
L | has a
dramatic impact on the amount of LFV predicted by the U1 model: as can be seen in figure 9. Interestingly, we see that the current LHC bounds lead to B(B → Kµτ ) & 2 × 10−7 ,
which remains rather stable lower bound for the LFV mode. With 300 fb−1 we get that this
bound is improved to B(B → Kµτ ) & 5 × 10−7 . In other words, we get an absolute lower
bound of O(10−7 ). We see that lowering the upper bound on B(B → Kµτ ) at the LHCb
and/or Belle II can have a major impact on the model building by further restraining the
parameter space.
Scan of parameters with varying mU1 . We now repeat the same analysis as before
but by letting mU1 to be a free parameter too. χ2min corresponds to the same couplings
given in eq. (6.5), except that now χ2 is minimized along a line in parameter space defined
√
ij
by a constant xij
4π (perturbativity limit).12 The main result of that
L /mU1 , with |xL | <
analysis is shown in figure 10, where we show how the LFV branching fraction B(B → Kµτ )
SM (right panel) depend on m . We notice that, in order to be
(left panel) and RD(∗) /RD
U1
(∗)
able to explain both flavor anomalies within the U1 framework, mU1 cannot be higher
√
sτ
than ∼ 12.5 TeV.13 This upper bound roughly corresponds to setting xbτ
4π
L = xL =
and looking for the highest value of the mass for which the b → cτ ν anomaly can still be
explained within 2 σ. Moreover the lower bounds on both quantities remain rather stable
when varying mU1 .
Finally, the plots presented in figure 10 also showcase the complementarity between
flavor physics (indirect) and LHC high-pT dilepton (direct) searches in constraining the U1
12

This scale invariance relationship holds in the case of U1 because we only consider tree-level flavor
constraints, and all the tree-level Wilson coefficients entering the analysis scale as (coupling/mass) 2 .
13
Note that this value is similar to the upper bound derived from unitarity of 2 → 2 fermion scattering
amplitudes, namely Λ ≈ 9 TeV for the b → c transition [100] .
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Figure 9. B(B → Kµτ ) is plotted against B(τ → µφ) for the U1 model. Color code is the same as
in figure 7. Current bounds on these two decays, as respectively established by BaBar [99] and by
Belle [93], are also shown.

scenario as a possible explanation of the flavor anomalies. While accommodating RK (∗) <
SM and R
SM
−8
RK
(∗)
D (∗) > RD (∗) already results in an absolute lower bound B(B → Kµτ ) & 10 ,
that bound gets shifted upwards by an order of magnitude to ∼ 5 × 10−7 if one accounts
for the direct LHC searches with 36 fb−1 of data and for mU1 < 4 TeV. Going to projected
SM quite stable. The
300 fb−1 leaves the lower bound on both B(B → Kµτ ) and RD(∗) /RD
(∗)
upper bound on B(B → Kµτ ) is also stable but already superseded by the experimental
limit on this decay mode established by BaBar. Measuring (bounding) B(B → Kµτ ) thus
becomes very appealing as the improvement of the current upper bound can either help
discarding the U1 scenario altogether, or further corroborate its viability. Note that for
definiteness we focus on B → Kµτ , but the discussion would be completely equivalent if
we discussed Bs → µτ or B → K ∗ µτ , because their branching fractions are known to be
related via [24]
B(B → K ∗ µτ )
≈ 1.8 ,
B(B → Kµτ )

B(Bs → µτ )
≈ 0.9 .
B(B → Kµτ )

(6.6)

This kind of LFV decay modes was also mentioned in refs. [101, 102] as a good probe of
validity of a specific UV completion of the low-energy U1 model.
SM , we see that the direct searches can play a very
As for the upper limit on RD(∗) /RD
(∗)
important role in further reducing the space of parameters and with 300 fb−1 of data at
SM ≤ 1.25.
the LHC the possible range of values for this ratio reduces to 1.1 ≤ RD(∗) /RD
(∗)

7

Summary and conclusion

exp
In this work we revisited the single LQ solutions to the B-physics anomalies, RD
(∗) >
exp
SM
SM
RD(∗) and/or RK (∗) < RK (∗) . We find that none of the scalar LQs alone, with the mass
mLQ ' 1 TeV, can provide a model of NP that accommodates simultaneously both kinds of
anomalies. To arrive to that conclusion we combined a number of constraints on the model
parameters arising from the low-energy flavor physics observables with those coming from
the direct searches at the LHC. Concerning the latter ones the most significant constraints
come from the large-pT spectrum of the differential cross section of pp → ``. We use the
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SM
Figure 10. mU1 is plotted against B(B → Kµτ ) (left panel) and RD(∗) /RD
(∗) (right panel) for the
U1 model. Color code is the same as in figure 7.
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flavor universality and collider searches, arXiv:1706.07779 [INSPIRE].
[49] G. Hiller and M. Schmaltz, RK and future b → s`` physics beyond the standard model
opportunities, Phys. Rev. D 90 (2014) 054014 [arXiv:1408.1627] [INSPIRE].
[50] G. Hiller and I. Nisandzic, RK and RK ∗ beyond the standard model, Phys. Rev. D 96
(2017) 035003 [arXiv:1704.05444] [INSPIRE].
[51] C. Hati, G. Kumar, J. Orloff and A.M. Teixeira, Reconciling B-decay anomalies with
neutrino masses, dark matter and constraints from flavour violation, arXiv:1806.10146
[INSPIRE].
exp
SM
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